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Local structure and effective chemical valency of Mn impurity atoms incorporated in wide-band-gap
~Ga,Mn!N epilayers have been investigated by using x-ray absorption fine structure techniques. The
x-ray results provide direct evidence for the substitution of majority Mn atoms for the Ga sites in
GaN, with an effective valency close to Mn~II!, up to a rather high Mn concentration about 2 at. %.
A small fraction of the impurity atoms could also form Mn clusters. © 2001 American Institute of
Physics. @DOI: 10.1063/1.1423406#The III–V magnetic alloy semiconductors ~III–V MAS,
or III–V diluted magnetic semiconductors!, have recently at-
tracted enormous interest in light of their potentially impor-
tant applications in new technologies such as photocarrier
induced magnetism,1,2 field-induced magnetism,3 and
spintronics.4 Preparation of III–V MAS with a large amount
of magnetic ions substituting for the cation sites has been a
rather difficult task under conventional growth conditions.
However, growth of thin film III–V MAS was achieved by
Munekata et al. using molecular beam epitaxy ~MBE! at
relatively low growth temperatures to dope InAs with Mn
atoms up to 20 at. %.5,6 Development of other III–V MAS
such as Ga12xFexAs7,8 in recent years has also added new
possibilities in further generalization of this class of novel
alloys and their practical applications.
In a theoretical analysis using the Zener model, Dietl
et al. have suggested that ferromagnetism with very high Cu-
rie temperature (TC) can occur in wide-band-gap MAS sys-
tems such as p type ~Ga,Mn!N.9 In view of this interesting
prediction, a detailed study of the Ga12xMnxN system is
desirable.
In this letter, the local structure and valency about Mn
atoms in Ga12xMnxN epilayers prepared by MBE at 400–
650 °C are studied. Unlike the As-based III–V MAS sys-
tems, we have found that a large amount of Mn atoms can be
incorporated into GaN without destroying the host crystal
structure at relatively high growth temperatures.10 Following
a similar approach as in our previous studies of In12xMnxAs
and Ga12xFexAs systems,6,8 we have characterized the
~Ga,Mn!N system by determining the location and valency
of Mn impurity atoms with the x-ray absorption fine struc-
ture ~XAFS! technique. Details of the XAFS method, which
includes both extended x-ray absorption fine structure ~EX-
AFS! and near-edge x-ray absorption fine structure ~NEX-
AFS!, can be found in many review articles and also in our
previous publications.6,8,11,12
Samples of Ga12xMnxN with @Mn#pm57 – 8
31020 cm23 and layer thickness of 0.15 mm were grown on
a!Electronic mail: ylsoo@sun2.bnl.gov3920003-6951/2001/79(24)/3926/3/$18.00
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400 °C ~samples KO270 and KO271! and 650 °C ~sample
KO275!.10 Sample KO271 was then annealed at Ts5650 °C
for 30 min to study the effects of thermal annealing for com-
parison. Reflection high-energy electron diffraction
~RHEED! images of sample KO275 are shown in Fig. 1 as
an example. X-ray diffraction shows that all three samples
exhibit the wurtzite structure of the GaN host, and supercon-
ductive quantum interference device ~SQUID! measurements
reveal that all these Ga12xMnxN films are paramagnetic.
When epitaxy is accomplished, the in situ RHEED pattern
shows sixfold symmetric, streaky, ~131! or ~232! recon-
structed pattern throughout the entire epitaxial process ~Fig.
1!. The observed pattern indicates a Ga-terminated hexago-
nal surface.13 The epitaxy at relatively low substrate tem-
peratures has a tendency of three-dimensional island growth
compared to that at high substrate temperatures. Preparation
and other characterization of ~Ga,Mn!N samples can be
found in a separate article, together with those for
~Ga,Fe!N.10
The XAFS experiment was performed at beamline X3B1
of the National Synchrotron Light Source in Brookhaven Na-
FIG. 1. Reflection high-energy electron diffraction ~RHEED! images of
sample KO275. Upper: @1,1,22,0# azimuth; lower @1,21,0,0# azimuth.6 © 2001 American Institute of Physics
cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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Downtional Laboratory. A single-element solid state Si~Li! detector
was used to collect the x-ray fluorescence photons from the
samples. The sample surface was oriented 45° with respect to
both the incident x-ray beam and the electric polarization.
Spike-like features due to Bragg diffraction from the sample
were removed and a subsequent Akima interpolation was
performed to avoid intermixing of the EXAFS and diffrac-
tion effects in the data analysis.11 A well-established data
reduction and correction method was used to extract the EX-
AFS x functions from the raw experimental data.11 These x
functions were then weighted with k3 and Fourier trans-
formed into real space for direct comparison. A curve-fitting
process using the backscattering amplitude and phase-shift
functions obtained from theoretical models by a commonly
used FEFF7 program was applied.11,12 The Fourier trans-
forms of the experimental EXAFS x functions for all three
samples are shown along with their respective theoretical
curves in Fig. 2; the raw EXAFS x functions are shown in
the inset. A calculated Fourier transform curve using FEFF7
is also shown in Fig. 2 based on a theoretical model of
~Ga,Mn!N in which 2 at. % of Mn impurity atoms have been
assumed to substitute for the Ga sites in a wurtzite-structure
GaN crystal.14
As shown in Fig. 2, the Fourier transforms demonstrate
that the EXAFS data of all these samples are very similar to
that of our theoretical ~Ga,Mn!N model up to the second
pronounced peak. Features beyond the second peak are
largely affected by background noise, and thus are not quan-
titatively analyzed. The local structural parameters obtained
from this curve-fitting process are listed in Table I.
In the wurtzite structure of GaN, each Ga atom is sur-
rounded by an average of 4 N, 12 Ga, and 10 N neighboring
atoms at distances of 1.94, 3.17, and 3.68 Å, respectively.14
By a comparison with the GaN structure, the first relatively
small peak in the Fourier transforms for all three samples
~Fig. 2! can be identified as due to the N nearest neighbors
FIG. 2. Fourier transform of Mn K-edge EXAFS x functions. Fine lines:
experimental; course lines: theoretical. A calculated ~top! curve is added for
comparison based on a theoretical model of GaN:Mn, which assumes a
substitution of 2 at. % Mn impurities for the Ga sites in a wurtzite structure
GaN crystal. Inset: weighted Mn K-edge EXAFS x functions.loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP lisurrounding the Mn impurities with a coordination number
between 2.3 and 3.2 at distances 1.98–2.01 Å. The second
~strong! peak in Fig. 2 is actually a composite peak consist-
ing of about 12 Ga and 10 N neighbors at distances 3.17–
3.20 and 3.61–3.78 Å, respectively. Within the curve-fitting
uncertainties and considering the probable local lattice dis-
tortions when a Ga atom is replaced by a Mn atom of differ-
ent size, the local structural parameters for all three samples
listed in Table I strongly suggest that Mn impurity atoms in
all three samples have most likely substituted for the Ga sites
in GaN. Our EXAFS results thus demonstrate that at least up
to a concentration of 2 at. % Mn can indeed be substitution-
ally incorporated into the GaN matrix.
An inevitable question could arise as to the possible for-
mation of Mn clusters in the alloy material. In a model study,
we have found that in the Mn clusters, if present, each Mn
central atom is coordinated with twelve neighboring Mn at-
oms at a distance of 2.25 Å. Our results show that up to
about 1%, 15%, and 36% of the total amount of Mn impurity
atoms ~2 at. %! could have formed Mn clusters in samples
KO275, KO270, and KO271, respectively.
The K-edge NEXAFS data for Mn in the three
~Ga,Mn!N samples are shown in Fig. 3, along with those
obtained from several model compounds with known valen-
cies from zero ~pure Mn! to four (MnO2) for direct compari-
son. From a simple effective charge argument, the absorption
edge ~defined as the portion with steepest rise! shifts towards
higher energies as the effective valency of the x-ray absorb-
ing atoms in the material increases. Thus by a comparison of
the absorption edges, the effective valency of the III–V MAS
samples can be estimated with reference to the model com-
pounds. As shown in Fig. 3, the NEXAFS spectra of all three
~Ga,Mn!N samples practically coincide with one another and
the main absorption edge occurs very near to that of MnF2
with valency 12, i.e., Mn~II!. This indicates that the
~Ga,Mn!N samples studied in this work all have the same
effective valency close to Mn~II!. Referring to the Curie–
Weiss plot10 of a similar sample Ga0.98Mn0.02N, the effective
spin number in our samples is S’2.5. This value also sug-
TABLE I. Parameters of local structure around Mn atoms obtained from
curve fitting the Mn K-edge EXAFS. The amplitude reduction factor S02
50.8 was determined in a previous paper.a The mean free path of photo-
electrons l54.42 Å was obtained from curve fitting a theoretical x function
calculated by FEFF7, N is the coordination number, R is the bond length,
and s2 is the Debye–Waller-like factor. DE0 is the difference between the
zero kinetic energy value of the sample and that of the theoretical model.
Underlined values were kept constant during the iterative fitting process.
Uncertainties were estimated by the double-minimum residue (2x2)
method.
Sample nn Atom N
R
~Å!
s2
(1023 Å2)
DE
~eV!
ko270 N 3.260.8 2.0160.03 566 567
Ga 12 3.1960.02 661 2364
N 10 3.7460.05 569 2865
ko271 N 3.161.0 1.9860.04 668 367
Ga 12 3.2060.02 761 2264
N 10 3.7860.12 269 2765
ko275 N 2.360.7 1.9960.01 464 464
Ga 12 3.1760.01 6.360.2 2564
N 10 3.6160.05 1165 21265
aReference 11.cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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Downgests that the ionic state of the incorporated Mn is primarily
Mn~II!.10 Since the valency of Ga in the III–V GaN host is
Ga~III!, the lower valency Mn impurities will thus behave as
acceptors in these ~Ga,Mn!N systems. An abrupt rise at a
lower energy ~6539 eV! in the Ga12xMnxN NEXAFS spectra
occurs close to that of metallic Mn K edge, this may be at-
tributed to a transition of the Mn 1s electrons to a bound
state induced by the hybridization of the cation and anion
orbitals.15 This fact may also indicate the possible existence
of Mn clusters in the samples. As discussed in the foregoing
paragraph, our detailed EXAFS analysis allows the possibil-
ity of 1%, 15%, and 36% of the Mn impurity atoms to form
Mn clusters in samples KO275, KO270, and KO271, respec-
tively. Nevertheless, the majority of Mn atoms are still found
to substitute for the Ga sites in all three samples.
In addition, we have also carried out measurement of a
NEXAFS spectrum near the Ga K edge in GaN for a direct
comparison of the absorption fine structure around the Ga
edge in GaN and around the Mn edge in our sample KO275;
this result is shown in the inset of Fig. 3.16–18
It perhaps should be noted that detailed quantitative un-
derstanding of the height and location for an abrupt jump
remains as a challenge for further theoretical and experimen-
tal research. The physical mechanisms responsible for a
quantitative measure of these features are very complicated
and subjected to some important and yet not well-understood
corrections such as the influence of local fields, many-body
effects, and shakeup or shakeoff processes. Owing to the
different final states in the transition matrix element that
could vary from Mn in the MAS to that in a Mn metal, or Ga
in GaN, the height of an abrupt jump cannot be taken as a
reliable quantitative determination of the amount of such a
selected atomic species in complex multielement systems.
FIG. 3. Normalized x-ray absorption spectra near the Mn K-absorption
edge. Inset: normalized near edge x-ray absorption spectra as a function of
energy difference from the known elemental absorption edges.loaded 23 Dec 2010 to 140.114.136.40. Redistribution subject to AIP liWe are content with a rather simplistic approach by making
use of only the location of the abrupt jumps in NEXAFS via
a direct comparison with other reference materials.
In conclusion, our EXAFS results have shown that the
majority Mn atoms are incorporated substitutionally on the
Ga sublattice sites in the ~Ga,Mn!N systems studied. The Mn
atoms show an effective valency close to Mn~II!, indicating
the behavior of acceptors. At present, however, all the epil-
ayers studied in this work are highly resistive and
paramagnetic.15 Additional donor states may have been
formed by a self-compensation mechanism or, Mn energy
levels may be deeper than the nonmagnetic conventional ac-
ceptor states in these samples.
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